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FACTORS AFFECTING THE MAXIMM LIFT-DRAG RATIO
AT HIGH SUPERSONIC SPEEDS

By Charles H. McLellan and Robert W. Dunning
SUMMARY

A study of the factors affecting the maximum lift-drag ratio (L/D)MAX

has been conducted in an effort to determine how to obtalin high aero-
dynamic (L/D)MAX values at high supersonic Mach numbers.. Wings, bodies,

and. wing-body combinations are discussed, end some of the effects of
leading-edge heating on wing geometry and (L/D)MAX are included. It

appears hopeful that high (I/D)MAX values may be achieved at the high

supersonic Mach numbers by utilization of as high a Reynolds number
lamingr flow as possible, low-aspect-ratio wings, favorable interference
effects, and the use of more radical configurations.

INTRODUCTION

At high supersonic speeds the importance of maintaining high values
of maximum lift-drag ratio (L/D)MAX in long-range vehicles is essen-

tially the same as at low speeds (refs. 1, 2, and 3). The range is
primerily a function of the lift-drag ratio and the ratio off fuel weight
to gross weight. At very high speeds, the centrifugal forces also affect
the range; however, in the present paper only the aerodynamic (L/D)]MAX
will be considered. As at low speeds, (L/D)MAX should not be increased
at the expense of excessive structural weight. Compared with the lower
speed ranges, the problem of obtaining high lift-drag ratios at very high
supersonic speeds is a relatively unexplored field requiring much further

investigation. It is the purpose of this paper to examine some of the
more important factors affecting (L/D)MAX‘

e
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SYMBOLS
R Reynolds number
M Mach number .
L/D lift-drag ratio
W/S wing loading, lb/sq ft
S wing area
T temperature
t/c ratio of wing thickness to chord
A -wing aspect ratio
€ emisgivity
A leading-edge sweepback, deg
q heat transfer, Btu/hr
Subscripts:
MAX - maximm
L.E. legding edge
W wing
DISCUSSION

The skin friction, and, therefore, Reynolds number, is a major
factor and will be discussed first. For an airplane operating at its
(L/D)yax the Reynolds number will be determined by the wing loeding,

(L/D)MAX’ and Mach number. Figure 1 shows the probable range of Reynolds
number per foot for high-speed configurations operating at ’(L/D)MAX'

The upper 1limit is defined by a high wing loading and a high aerodynamic
(L/D)ypx, whereas the lower limit is defined by a low wing loading and

a low (L/D)yax. In figure 1 this upper 1imit has been chosen arbitrarily
as having an (L/;D)MAX of 6 and a wing loading of 100 pounds per square
foot, end the lower limit \aving. S D)yax ©f 2 end a wing losding
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of 10 pounds per square foot. With moderate wing loadings, (L/D)MAX
will be reached at altitudes between 100,000 and 200,000 feet for

the high supersonic speeds. At these altitudes the Reynolds number
will be relatively low (ref. L) (on the order of 1 X lO6 to 10 X lO6 on

a 10-foot chord) and, on the basis of current reseerch data, 1t appears
hopeful that laminar flow can be maintained over much of the configuration
(refs. 5 and 6 and unpublished data obtained in the Langley ll-inch hyper-
sonic tunnel end in the Ames free-flight tunnel).

The effect of Reynolds number on (L/D)MAX as the Mach number
is increased i1s presented in figure 2 for the slmplest possible case
of the two-dimensional flat plate. With a leminsr boundary layer at
a Reynolds number of 1 X 107, (L/D)MAX decreases with Mach number

until it reaches & nearly constant value of about 7 at Mach numbers of
10 and above. For a Reynolds number of 10 X lO6 , the shape of the curve

is the same as at 1 X 106; however, (L/D)yay is higher, being on the

order of 12 at Mach numbers above 10. As expected, the turbulent bound-
ary layer gives values well below those of the laminar boundary layer
for the lower Mach numbers; however, at the very high Mach numbers,
(L/Dlyax 1s approaching the laminar values. A 10° cone and en infinite

cylinder at a Reynolds number of 1 X 106 , Which are shown for comparison
with the flat plate, have relatively low values of (L/D)MAX, end it

becomes obvious that the wing should be as blg as practical with respect
to the body to obtain the higheést (L/D)MAX. In addition, the Reynolds

number should be as high as possible without causing boundary-layer
transition.

Of course, a more realistic evaluation of wings requires consider-
ation of the effects of thiclkness. At high Mach numbers, a flat lower
surface and a thin nose angle are desirable (ref. 7), and this can best
be obtalned in a wedge airfoil. Figure 3 shows the calculated effect of
thickness.on wedge airfoil sections of infinite-span wings at a Mach
number of 7. At the low thicknesses, the upper surface is shielded from
the free-stream flow; and as the thickness increased to about 0.07 at

R=1X lO6 and 0.0k at R = 1 X 10!, the upper surface beccmes parallel
to the free stream at (L/D)MAX‘ Beyond this point, the upper surface

is exposed to the stream. It is sometimes supposed that, at high super-
sonic Mach numbers, thickness.can be added to the upper surface in the
shielded region without affecting (I‘/D)MAX It can be seen that even

partially filling in the shielded area results in loss in (L/D)MAX at
this Mach number. Similar effects can be anticipated for other wing

sections. .
| R N
Ay
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Another factor affecting (L/D)MAX is the aspect ratio. As pointed

out previously, the Reynolds number should be as great as is consistent
with the maintenance of laminar flow. Early in the design of a configura-
tion the wing area and operating conditons will probably be fixed. With
a fixed-wing area, and operating conditions, the Reynolds mumber can be
increased by decreasing the aspect ratio. Figure 4 shows the veriation of
(L/D)MAX with aspect ratio for a constant-area rectangular wing with a

sharp-leading-edge symmetrical double-wedge sectlon at a Mach number of 7.
As the aspect ratio decreases, the wing chord and, consequently, the
Reynolds number increase, and the skin friction decreases. Without tip
effects, (L/D)MAX would continually increase with decreasing aspect

ratio. The tip losses, however, reduce (I'/D)MAX more at the low aspect

ratios so that, theoreticaelly, a meximum is reached in this particular

case at an aspect ratio of gbout 0.6. The two experimental points appear
to agree with this trend even though the section was slightly different

for the low-aspect-ratio wing. (A 5-percent-thick symmetrical double~wedge
section would be slightly lower.) At higher Mach numbers, the optimm
aspect ratios would be smaller. The decrease in aspect ratio will prob-
gbly reduce the structural thickness requirements end will allow thinner
sections to be used, which will increase the values of (L/D)MAX'

A similar effect would be expected for trianguler plan-form wings.
In figure 5, (L/D)ypy &t M =7 has been plotted against aspect

ratio for the same airfoll section and constant wing area for a family
of triangular wings with a laminar boundary layer. The calculated curve
is for the region with attached shock where the lift-curve slope and
wave drag are constant (ref. 8). The change in estimated (L/%)MAX

results from the change in skin friction.

The experimental points seem to verify the theoretical trend. How-
ever, in all the experimental work at this Mach number in the Langley
11-inch hypersonic tunnel, the values of (L/D)M.AX are lower than the

theoretical ones. Because of the so-called shock—boundary-layer inter-
action, the experimental minimum drag is considergbly greater than the
predicted drag. At the Mach number and Reynolds nmumber of this investi-
gation, the boundary layer displaces the flow &bout the wing (ref. 9) ”
resulting in increased pressure which increeses the skin friction for
the two-dimensional case by sbout 20 percent. Higher Reynolds numbers
will decrease this effect, whereas higher Mach numbers will increase it.
As can be seen fram figures 4 and 5, there appears to be little differ-
ence elther theoretically or experimentally between the rectangular wing
and the triangular wing of the same aspect ratio, and it would appear
that either low-aspect-ratio rectangular wings or very highly swept )
triangular wings will give the highest values of (L/D)MAX‘ The sweep

should not be increased or the asiect rati'o decreased to the point where
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the Reynolds mumber becames so high that transition occurs on the wing.
Theoretical and experimental results (refs. 10 and 11) indicate that
trensition occurs earlier with a swept leading edge than with an unswept
leading edge. Therefore, higher Reynolds number lemirar flow can prob-
ably be obtained on rectangular wings than on triangular ones. Further-
more, for the same average Reynolds number, & triangular wing will have
& root-chord Reynolds number twice that of the rectangular wing so that
transition would be expected at a lower average Reynolds number on the

triangular wing. It should also be noted that the triangular wing
(L/D)yax could probably be improved by removing scme of the low Reynolds
number high-drag tip. :

In the high Mach number range, the problem of aerodynamic heating
of the leading edge will also enter into the choice -of the wing plan
form. The highly swept wings have an advantege in that the heat transfer
per unit area to a blunt leading edge decreases with leading-edge sweep
(refs. 12 and 13) and allows the use of smaller leading-edge diameters.
Furthermore, as is well known, the drag of a blunt leading edge decreases
with sweep angle (refs. 14 and 15). Therefore, the use of sweep would
be expected to decrease not only the required leading-edge diemeter but
also the loss in (L/D)ypy due to & given lesding-edge bluntness. If

radiant cooling is used, the diameter required is a function of both
Mach number and sweep angle. Figure 6 presents the dismeter required
for an arbitrary leading-edge equilibrium temperature of 2,5000 F with
a surface € of 0.8 and at altitudes of interest at the high Mach mm-
bers. Materials are availsble for use as leading edges which can be
operated at this and possibly even greater temperatures. Below M = 6,
the recovery temperature is below the 2,500O F limit; and a sharp leading
edge could be used with this temperature 1imit and sweep would not be
necessary from the stendpolnt of leading-edge heating. With small
leading-edge sweeps, the diameter required incresses very rapidly for
both the 100,000~ and 150,000-foot altitudes as the Mach number is
increased above 6. The large sweep angles greatly decrease the required
diameter; however, even with large sweep angles, the diameters become
very large, on the order of several inches at high Mach numbers, and
some other means of cooling may be required.

Since blunted leading edges may be required at the higher Mach
numbers, it is of interest to examine their effects on (L/D)MAX’ As

an 11llustration, figure 7 has been prepared for a 400-sBquare-foot wing

at an altitude of 120,000 feet when flying at a Mach number of 11l. At
lower Mach numbers, the curves are similar to this one. Increasing the
sweep increases (L/Dhyuy perticulerly for the large leading-edge
diemeters. The aspect-ratio-0.3 rectangular wing is sbout the same as
the 60° trianguler wing. Except at the very small leading-edge dismeters 5
the T0° swept wing has the highest (L/D}ypg-
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rapldly with high sweep angles, “the high sweep angles would be preferred
High sweep, however, may not be necessary

or even deslirable if some means of forced cooling, such as transpiration
cooling, is employed, since the total heat to the leading edge is impor-

for the radiant-cooling case.

tant.

This is illustrated in the followlng table which presents effects

of wing plan form on (L./D)MAX with both forced and radiant cooling for

the same conditions as figure 7 for laminar boundery layer and M = 11,
S = 400 square feet, and an altitude of 120,000 feet:

Roreed cootingy miaﬂ'imaosgomf
| go° I_Zir 60° \_7\(3"
A=0.3
L.E. diam., in. |20.5 8.5 2.5 6.7 3.0
q, Btu X 106/hr .79 2.05 1.61 5.6k 2.98
(L/D hgnx 6.4 6.3 7.0 2.9 5.0

8Agsumed value.

The leeding-edge diemeter should be kept as small as practical with a

forced cooling system.

For this analysis, a l/2-inch dlameter has been

agssumed. The rectanguler wing with forced cooling would have an (L/DhHAX

value of 6.4 and would have a heat tramnsfer to the leading edge of less
than 1 million Btu's per hour. This could be gbsorbed by evaporating
less than 1,000 pounds of water per hour. The 60° wing would have about
the same (IJb)MAX, but because of its greater wing span would have

nearly three times the amount of heat to be absorbed.

The T0° wing would

heve a higher (L/D}yay but would have over twice the smount of heat to

be absorbed as the rectangular wing. Furthermore, the cooling system
would be spread out over a long leading edge requiring more plumbing.
Therefore, for forced cooling, the very low-aspect-ratio rectangular

wings appear desirable.

For the radiant-cooled leeding edge,

on the 60° wing because of the large leading edge required.
TO° wing requires a 3-inch leading-edge dismeter and has a value of
(L/Dhqﬁx of only 5.4. The loss in (L/D)MAX probably would not be

(L/Dhyax would be very low

-

Even the -
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quite as great in an actual epplication since the wings with low (L/D)MAX
should be operated at & higher altitude than for those with high (L/D)ysy-

However, {:his is a secondary effect which has been neglected. Still
larger sweep angles would probably be desirable with radiant cooling.

From the foregoing discussion, both the highly swept triangular
wings and the low-aspect-ratio rectangular wings begin to appear like
thin bodies, suggesting that the bodies should probably be shaped-some-
what like thick wings. Bodles, however, heve been discussed extensively
in the past (for example, refs. 16 and 17) and will, therefore, be dis-
cussed only briefly. Figure 8 shows the general trend of increasing
(L/D)MAX as the bodies take on more of a wing-like shape. The bodies

in order of the increasing (L/D)MAX are the 20° ‘cone cylinder, the

10° cone cylinder, a drooped-nose flat-bottamed model with the upper
surface of the nose approximately filling in the lee side at (L/D)M.AX’

and. the upper body in which the aspect ratio has been doubled. These
bodies are discussed more extensively in referemce 16. The aspect ratios
are below the optimum for the flat-bottamed bodies, eand a considerable
penalty is belng paid for f£illing in the lee side. A thin wing with
nearly the same plan form and Reynolds number had an (L/D)M.AX of sbout

5.4 as compared with 4.4t for the best body in this figure.

The final objJect is to develop camplete configurations with high
(L/D)MAX' At the high supersonic Mach numbers, configurations are still

in the early stages of development. In figure 9, the estimated (L/Dhypy

for two complete configurations is shown. These configurations, with
the same Vody size, have rounded leading edges for radiant cooling for
Mach numbers up to about 7 and provislons for obtaining stability. The
calculations have been made for leminar flow at the altitude required
for the given wing loadings and the lift coefficients at (L/D)yuy-

The more or less conventional configuration with a trapezoidal wing
shows the values of (L/D)MAX that can be expected from present-type

aircraft. It utilizes wedge-shaped tail surfaces and can be expected

to have good stability characteristics throughout the speed range as well
as having a lending speed of only 150 knots. The value of (L/D)yax
with all laminar flow varies fram 5 to about 4. With this wing loading
of 50 pounds per squere foot, (L/D)yay Was obtained at a Reynolds

mumber of only 2 X 106 based on the mean aerodynsmic chord, and laminar
flow is likely over much of the configuration.

The three-wing configuration proposed in reference 3 fo obtain high
(L/D)M.AX at high Mach numbers is also shown in figure 9. This configura-

tion with laminer flow has an estimated velue of (L/D)ypy between 5 and 6.
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This relatively high value of (L/D)yay results largely from the high

wing area with respect to the body area, and to the high Reynolds number.
The high sweep decreases the leading-edge drag, but the large surface
area of the nonlifting upper wing increases the skin-friction drag of
the configuration. The negative dihedral is included for the low-speed
stability and decreases the value of (L/D}MAX according to unpublished

wind-tunnel tests at Mach numbers from 3 to 6 in the Ames 10- by l4-inch
tunnel.

In order to obtain higher values of (L/D)yay, more radical config-

urations should be considered. One possibility is to combine the body
and wing features into one. Figure 10 shows two such configurations.
No provisions have been made for obtaining stability or cooling of the
leading edge on these configurations. The volume normelly obtained in
a body is obtained by filling in part of the area above the lower sur-
face on these configurations. A rectangular wedge-shaped configuration
of aspect ratio 0.4 would have an estimated value of (L/D)MAX of T

at M =3 and of nearly 10 at M = 12. The Reynolds numbers are very

high, 30 X lO6 at M = 10, and transition might occur. The increased
skin friction cbtained by assuming fully turbulent flow reduced (L/D)ypy

to between 6 and T.

The configuration with a triangular plan form with clipped tips
had the same body volume and wing area as the rectangular configuration.
The value of (L/D)yax with leminar flow was about the same for the

two configurations. As pointed out previously, transition is more likely
on the trianguler-plan-form configurations at a given Reynolds number
than with the rectangular one.

One factor involved in configuration development which needs to be
investigated is that of interference effects between wings and bodies.
Ferri, Clark, and Casaccio (ref. 18) have proposed the use of wedges
under wings to generate a high-pressure region and thereby increase the
lift. If a configuration can be designed so that existing high-pressure
regions, such as that emanating from a body nose, are located under the
wing, it should be possible to obtain increassed values of (L/DHHAX as

a result of the interference effects.

Figure 11 shows the results of some unpublished calculations by
A. J. Eggers, Jr., and Clarence A. Syvertson of the Ames Aeronautical
Ieboratory for a highly swept zero-thickness wing in combination with
8 half-conical body. This curve shows (L/ZD)MAx for the wing alone, body

under the wing, and body above the wing for laminar flow at a Mach num-
ber of 7. Putting the ccne body on the bottom of the wing entailed much
smaller losses than putting the cone body on the top because of the more
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favoraeble interference effects of the high pressure from the low body

on the wing. Preliminary unpublished experimental results seem to verify
this trend. These interference effects are obviously very important and
should be investigated further.

CONCIUDING REMARKS

In general, the study of how to obtain high aerodynemic values of
meximm lift-drag ratio (L/D)MAX has indicated that configurations

should be operated at as high a Reynolds number as possible, providing
that the boundery layer remains laminar. ILow-aspect-ratio rectangular
wings sppear to be best when small leading-edge dismeters can be used as
with transpiration cooling. When radiant cooling of the leading edge
is used, a highly swept wing may be desirable. By utilization of favor-
able interference effects and the use of the more radical configurations,
it appears hopeful that high values of (L/D)yax may be achieved at the

high supersonic Mach numbers.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 3, 1955.
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PROBABLE AIRPLANE ENVIRONMENT
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CALCULATED INTERFERENCE EFFECTS
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